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Abstract
In the present study, oil in water emulsions (coil = 100 ppm; doil droplets < 2 μm) was purified with ozonation followed by
microfiltration using polyethersulfone (PES) membrane (dpore = 0.2 μm). The effects of pre-ozonation on membrane
microfiltration were investigated in detail both in case of ultrapure and model groundwater matrices, applying different durations
(0, 5, 10, and 20 min) of pre-ozonation. Simultaneously, the effects of added inorganic water components on the combined
method were investigated. Size distribution of oil droplets, zeta potentials, fluxes, and purification efficiencies were measured
and fouling mechanisms were described in all cases. It was found that the matrix significantly affected the size distribution and
adherence ability of oil droplets onto the membrane surface, therefore fouling mechanisms also were strongly dependent on the
matrix. In case of low salt concentration, the total resistance was caused mainly by reversible resistance, which could be
significantly reduced (eliminated) by pre-ozonation. In case of model groundwater matrix, nearly twice higher total resistance
was measured, and irreversible resistance was dominant, because of the higher adhesion ability of the oil droplets onto the
membrane surface. In this case, pre-ozonation resulted in much lower irreversible, but higher reversible resistance. Increased
duration of pre-ozonation raised the total resistance and reduced the elimination efficiency (due to fragmented oil droplets and
water soluble oxidation by-products) in both cases, therefore short pre-ozonation can be recommended both from economic and
performance aspects.
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Introduction
Nowadays, large amount of oily wastewater is produced by
many industrial processes and by daily life, oily contamina-
tions can occur during transportation and industrial accidents;
moreover, oily pollutants can appear in groundwaters as well
(Liu et al. 2016; Matos et al. 2016; Padaki et al. 2015; Yin and
Zhou 2015). Efficient elimination of oily pollutants is neces-
sary both from environmental and human health aspects.
Although free (floating) oil (doil droplets > 150 μm (Shokrkar
et al. 2012)) and dispersed oil (d = 20–150 μm (Cheryan and
Rajagopalan 1998)) can be eliminated by conventional
techniques (such as gravity separation, centrifugation, skim-
ming, etc.), but for the effective elimination of finely dispersed
(emulsified) oils (d < 5 μm), utilization of more effective
methods is required, such as membrane filtration
(Chakrabarty et al. 2008).
Micro- (Abadi et al. 2011; Abbasi et al. 2010; Hua et al.
2007; Kiss et al. 2014; Masoudnia et al. 2014; Salahi et al.
2010; Shokrkar et al. 2012) and ultrafiltration (Chakrabarty
et al. 2008; Chakrabarty et al. 2010; Masoudnia et al. 2014;
Moulai-Mostefa et al. 2007; Salahi et al. 2010; Yi et al. 2011)
can also be applicable for the purification of oil in water emul-
sions. Microfiltration ensures higher flux; meanwhile, ultrafil-
tration results in higher purification efficiency, but membrane
fouling is a major problem in both cases (Padaki et al. 2015;
Yin et al. 2017), which causes flux reduction and extra cost,
preventing the economic utilization.
Therefore, the suppression of fouling is one of the most
important aspects in the field of membrane separation. Over
the development of antifouling membranes (Kertész et al.
2014; Van der Bruggen 2009; Yin and Zhou 2015), the
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combination of membrane filtration with suitable pre-
treatment is also promising (Matos et al. 2016; Metcalfe
et al. 2016; Mi-Jung Um et al. 2001; Park 2002). Pre-
ozonation was successfully combined with membrane filtra-
tion, resulting lower filtration resistance and/or higher purifi-
cation efficiency in case of various water contaminants
such as antibiotics, humic acid, natural organic matters
(NOMs), etc. (Alpatova et al. 2013; Byun et al. 2015;
Cheng et al. 2016; Guo et al. 2014; Hyung et al. 2000;
Kiss et al. 2014; Park 2002).
For the appropriate application of ozone pre-treatment,
the fouling mechanism of partially oxidized pollutants
should be clarified. The fouling mechanism is determined
by interactions between colloidal particles and the mem-
brane surface. During filtration, the fouling is determined
by (1) electrostatic interactions (i.e., charge distribution on
colloidal particles and membrane surface) and (2) Van der
Waals interactions (Lin et al. 2014). Pre-ozonation can
cause changes in these interactions via the partial oxidation
of the surface. In our previous study (Veréb et al. 2017),
emulsified oil droplets were filtered by microfiltration at
three different transmembrane pressures (0.1, 0.2, and
0.3 MPa) and stirring speeds (50, 200, and 350 rpm) with
and without pre-ozonation, and it was proved that short
pre-ozonation is able to increase the flux only in case of
appropriate conditions such as low transmembrane pres-
sure and intensive mixing during the filtration. In case of
0.1 MPa transmembrane pressure, pre-ozonation resulted
in significant reduction of reversible resistance, due to the
higher negative surface charge of oil droplets. However, at
higher transmembrane pressures, pre-ozonation increased
the total resistance due to disintegrated oil droplets (which
increase fouling) and higher adhesion ability of the drop-
lets to the PES membrane (particularly at lower stirring
speeds). Flux decline at higher pressure was also observed
by Abadi et al. (2011) in case of ceramic membrane.
Apart from the filtration conditions, the matrix of the water
can also strongly affect the filterability of oil contaminated
waters. Typical inorganic water components (such as carbon-
ate-, sulfate- and chloride anions and sodium-, calcium-,
magnesium- and potassium cations and iron-oxides-hydrox-
ides) can modify the interactions between the contaminants
and the membrane surface, according to the Dejaguin-
Landau-Verwey-Overbeek (DLVO) theory (Brant and
Childress 2002).
To get more information about the real applicability
of pre-ozonation, in the present study, a ground water
matrix (modeling real ground water of South Hungary)
was compared to ultrapure water matrix during the pre-
ozonation/membrane microfiltration combined treatment
of oil in water emulsion. Size distributions of oil drop-
lets, zeta potentials, fluxes, and purification efficiencies
were measured while fouling models and different
resistances were calculated in every cases. Moreover,
the effect of duration of pre-ozonation was also investi-
gated in detail.
Materials and methods
Production of oil in water emulsions
Oil in water emulsions (d < 2.0 μm; coil = 100 ppm) was pre-
pared using crude oil (supported by MOL Zrt.; Algyő,
Hungary) and ultrapure water (PureLab Pulse, ELGA
LabWater, UK) or model groundwater via intensive stirring
(35,000 rpm) followed by ultrasonic homogenization
(Hielscher UP200S, Germany). Ultrasonication time was
10 min, maximal amplitude and cycle were applied, and the
emulsion was thermostated to 25 °C. Model groundwater was
modeling a real groundwater (located in South Hungary),
which contained the following salts: 2.26 g L−1 NaHCO3,
53.4 mg L−1 NH4Cl, 19.1 mg L
−1 CaCl2, 20.9 mg L
−1 KCl,
93.5 mg L−1 NaCl, 4.5 mg L−1 FeCl3, and 35.1 mg L
−1
MgSO4 (Sigma Aldrich; analytical grade). In case of model
groundwater, the pH value was 8.2 ± 0.1; meanwhile, in case
of ultrapure water matrix, the pH was 5.2 ± 0.1. The size dis-
tributions of oil droplets and zeta potentials were measured by
dynamic light scattering (Malvern ZetaSizer4, UK) operating
at 633 nm produced by an He–Ne laser at scattering angle of
90° at 25 ± 0.1 °C, directly after the production and pre-
ozonation of the emulsions.
Membrane filtration
Membrane filtration experiments were carried out in a batch-
stirred membrane reactor (Millipore XFUF07601, USA)
equipped with a hydrophilic polyethersulfone (PES) mem-
brane (New Logic Research INC, USA, dpore = 0.2 μm; filtra-
tion area 0.00332 m2), since PES is one of the most extensive-
ly used membranes, because of its chemical and thermal sta-
bility, easy producibility, and environmental endurance (Yin
and Zhou 2015). Before the experiments, membranes were
soaked with distilled water for 48 h. Since in our recent study
(Veréb et al. 2017), the effects of filtration parameters were
investigated in detail and optimal parameters were determined
using 0.1 MPa transmembrane pressure (provided by N2 gas)
and 5.83 s−1 (350 rpm) stirring speed, therefore same filtration
conditions were used in the present study. In all cases, 250 mL
emulsion was filtered until the production of 200mL permeate
(volume reduction ratio: VRR = 5).
Ozonation
During pre-ozonation, the ozone was generated from oxygen
(Messer; 3.5) by a flow-type ozone generator (BMT 802X,
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Germany) and it was bubbled through a diffuser into a batch
reactor (containing 400 mL emulsion). Applied gas flow rate
was 1 Lmin−1, and ozone concentration of inlet and outlet was
measured with a UV spectrophotometer (WPA Biowave II,
UK) at λ = 254 nm, to calculate the absorbed ozone volumes.
Ozonation time was 5, 10, and 20 min, which resulted in 30 ±
5, 115 ± 10, and 290 ± 15 mg L−1 of absorbed ozone, respec-
tively. The remaining dissolved ozone was purged by oxygen
after the treatment to avoid the oxidation of PES membrane.
Determination of purification efficiency
Purification efficiencies were determined by measuring the
chemical oxygen demand (COD), extractable oil content
(TOG/TPH), and total organic carbon (TOC) content. COD
values were measured by a standard method, based on potas-
sium dichromate oxidation, using standard test tubes (Hanna
Instruments, USA), a Lovibond ET 108 type digester (for 2 h,
at T = 150 °C), and a Lovibond COD Vario type spectropho-
tometer. Extractable oil content was measured by a Wilks
InfraCal TOG/TPH type analyzer, using hexane as extracting
solvent. TOC values were measured by an Analytik Jena N/C
3100 type equipment (T = 800 °C) equipped with an IR detec-
tor. The purification efficiency (R) was determined as follows:
R ¼ 1− a
a0
 
 100% ð1Þ
where a0 is the COD, TOG/TPH, or TOC value of the feed
while a indicates the value of the permeate.
Calculations of different resistances and fouling
models
The membrane resistance (RM) was calculated as follows:
RM ¼ ΔpJW  ηW
m−1
  ð2Þ
whereΔp is the transmembrane pressure [Pa], JW is the water
flux of the clean membrane [m3 m−2 s−1] and ηW is the viscos-
ity of the water [Pa·s].
The irreversible resistance (RIrrev) was determined by re-
measuring the water flux on the used membrane after the
filtration, followed by a purification step (intensive rinsing
with distilled water):
RIrrev ¼ ΔpJWA  ηW
−RM m−1
  ð3Þ
where JWA is the water flux after the cleaning procedure.
The reversible resistance (RRev—caused by not adhered oil
layer and concentration polarization layer) can be calculated
as follows:
RRev ¼ ΔpJc  ηWW
−RIrrev−RM m−1
  ð4Þ
where Jc is the flux at the end of the filtration and ηww is the
viscosity of the emulsion. The total resistance (RT) can be
calculated as follows:
RT ¼ RM þ RIrrev þ RRev m−1
  ð5Þ
To characterize the membrane fouling mechanisms,
the widely used (Bowen et al. 1995; Hermia 1982; Hu
and Scott 2008; Zhao et al. 2016) Hermia filtration law
(consisting of complete, internal, and intermediate pore
blocking and cake layer formation) can be applied as a
mathematical model. In case of constant pressure condi-
tion (which was applied during the filtration experi-
ments), the equation is as follows:
d2t
dV2
¼ k dt
dV
 n
ð6Þ
where t is filtration time, V is the volume of the per-
meate, k is a constant, and n is a value illustrating the
different fouling mechanism (complete pore blocking:
n = 2, intermediate pore blocking: n = 1, internal pore
blocking: n = 1.5, cake layer formation: n = 0).
Hermia’s model can be linearized based on the n value
for each model using fitting equation in terms of per-
meate flux versus time:
for complete pore blocking:
lnJ ¼ lnJ 0−kct ð7Þ
for intermediate pore blocking:
1
J
¼ 1
J 0
þ kit ð8Þ
for internal pore blocking:
1ﬃﬃﬃ
J
p ¼ 1ﬃﬃﬃﬃﬃ
J 0
p þ kst ð9Þ
for cake layer formation:
1
J 2
¼ 1
J 02
þ kcf t ð10Þ
where kc, ki, ks, and kcf are the constants for complete pore
blocking, intermediate pore blocking, internal pore blocking,
and cake layer formation, respectively.
More detailed description of the investigated filtration laws
and their utilization can be found in other publications
(Aryanti et al. 2016; Brião and Tavares 2012; Hermia 1982;
Iritani and Katagiri 2016; Kiss et al. 2014).
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Determination of contact angles
For the description of wetting property of different matrixes,
the contact angles formed between the membrane surface and
the given emulsion were measured using the sessile drop
method (Dataphysics Contact Angle System OCA15Pro,
Germany) at room temperature. Ten microliter of the given
emulsion was carefully dropped on the top of the membrane
surface and contact angles were immediately measured, with-
in 10 s. The measurements were repeated 10 times and the
average values were calculated.
Results and discussion
Matrix effect on size distribution during ozonation
Changes in size distribution of the emulsions during ozonation
are demonstrated in Fig. 1. In case of pure water matrix, oil
droplets were smaller than 1500 nm, and the average particle
size was ~ 500 nm. Even a short pre-ozonation resulted in
significant size reduction of the oil droplets. Longer ozonation
resulted in negligible further size reduction.
In case of model groundwater matrix, oil droplets were
significantly bigger (daverage ~ 1000 nm) in the non-treated
emulsion compared to pure water matrix, due to the higher
ionic strength and the possible coagulation effects caused
mainly by the presence of iron(III) ions and formed iron(III)-
oxides-hydroxides. In parallel with ozonation time, a con-
tinuous size reduction was measured, and ozonation re-
sulted in the more intensive production of nano-scaled
oil droplets: smaller than 100 nm oil droplets were also
produced in contrast with the case of pure water matrix.
This can be related to the advanced oxidation ability of
OH• radicals, which can be produced at the higher pH
value (~ 8.2) of model groundwater; meanwhile, in case
of pure water matrix (due to the lower pH ~ 5.2), direct
oxidation of ozone is dominant (Hoigné and Bader
1983). The intensive production of very small oil drop-
lets (d ~ 100 nm) in case of model ground water
suggests that increased fouling can be expected at lon-
ger pre-ozonation times.
Interactions between the emulsions
and the membrane surface
Figure 2 shows the photographs of the used membranes after
rinsing them with ultrapure water, and it was observed that the
thickness of the remaining contaminant layer is in accordance
with contact angles of emulsion droplets on the pure mem-
brane surface (Table 1). In case of pure water matrix, only very
thin and bright oil layers were formed in both ozonized and
non-ozonized emulsions. The clearest membrane surface was
observed in case of 5-min pre-ozonation (represented by the
highest contact angle value), which means that short pre-
ozonation decreased the wettability of the membrane by the
emulsion and in parallel the adherence of the droplets. The
adherence ability is the resultant of the electrostatic and Van
der Waals interactions. The increased zeta potentials of the oil
droplets (Table 1) resulted in increased repulsive force be-
tween the negatively charged membrane surface and the oil
droplets, while the oxidation of oil droplets resulted in less
hydrophobic surface of the droplets, which has a positive ef-
fect on its adherence ability onto the hydrophilic PES mem-
brane. Therefore, in case of longer ozonation pre-treatments,
as zeta potential values (Table 1) did not show further signif-
icant increase, Van der Waals interactions were dominant over
the electrostatic interactions (see Fig. 2).
In case of model groundwater matrix, a dark yellowish
brown cake layer was observed in case of non-ozonized emul-
sion (Fig. 2), due to the iron(III)-oxide-hydroxide content of
the emulsion, which resulted in significantly lower contact
angle compared pure water matrix (Table 1). It means that
the surface is more wettable by model groundwater matrix,
due to the better adherence of the contaminants. Pre-ozonation
of the model groundwater significantly and continuously re-
duced the wettability and parallelly the adherence ability of
the contaminants (Fig. 2, Table 1) and resulted in higher zeta
potential values (Table 1). Comparing these zeta potential
values to mineral-free emulsions, it can be assumed, that in
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this case, the electrostatic repulsive forces between the nega-
tively charged membrane (Salgin et al. 2013) and negatively
charged particles may play greater role in the resultant inter-
action than in mineral-free emulsions. This statement can also
be reinforced with the fact that despite the continuously in-
creasing contact angle values (Table 1) during ozonation (in
case of model ground water), simultaneously, the contami-
nants were less capable to adhere on the membrane surface
(Fig. 2).
Matrix effects on the microfiltration of pre-ozonized
emulsions
Fluxes and filtration resistances
Oil in water emulsions (prepared in ultrapure water and model
groundwater) were filtered with PES microfilter (dpore =
0.2 μm; ΔP = 0.1 MPa; stirring speed 5.83 s−1) until the vol-
ume reduction ratio was 5, without the utilization of pre-
ozonation and after 5, 10, and 20 min of pre-ozonation.
Figure 3a, b demonstrates the measured flux curves.
Different filtration resistances (R) such as membrane resis-
tance, irreversible resistance (caused by pore blocking and
adhered contaminant layer), and reversible resistance (caused
by removable contaminants of the surface and the concentra-
tion polarization layer) were determined by previously de-
tailed calculations (see chapter 2.5.). The calculated resis-
tances are presented in Fig. 3c, d.
In case of pure oil in water emulsion, higher fluxes were
measured than in case of model groundwater (Fig. 3) due to
the matrix effect, in accordance with the observed more sig-
nificant interactions between the contaminants of the emulsion
andmembrane surface (Fig. 2).Without pre-ozonation, in case
of pure water matrix, dynamic flux reduction and high revers-
ible resistance were measured, which was almost totally elim-
inated by pre-ozonation due to the less compact oil layer
which was resulted by the more intensive electrostatic repul-
sive forces (confirmed by increased zeta potential (Table 1)).
In case of model groundwater matrix, the membrane is more
prone to irreversible fouling (Fig. 3d), and the flux decreasing
is more expressed (Fig. 3b), due to the strong interactions
between the emulsion and membrane surface (Fig. 2).
Short (5 min) pre-ozonation enhanced the fluxes in both
investigated matrices (Fig. 3a, b) due to the higher negative
surface charge of the oil droplets (see Table 1), resulting in-
creased repulsive force between the negatively charged mem-
brane surface and the oil droplets. Parallelly, notable reduction
of the total resistances was observed in both cases, while
Fig. 2 Photographs of the used
membranes after rinsing them
with ultrapure water
Table 1 Changes in zeta potentials of the emulsions and in the contact angles (formed between the pure membrane surface and the given emulsion)
during ozonation
Ultrapure water matrix Model groundwater matrix
Ozonation time (min) 0 5 10 20 0 5 10 20
Zeta potential (mV) − 9.6 − 31.7 − 33.2 − 34.7 − 60.4 − 69.1 − 72.3 − 72.3
Contact angle (°) 51.2 ± 0.6 52.5 ± 0.6 50.9 ± 1.0 49.9 ± 0.4 40.7 ± 0.7 46.2 ± 0.9 48.2 ± 0.8 49.4 ± 1.1
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further pre-ozonation decreased the fluxes and increased the
irreversible resistance and therefore the total resistance as well
due to the production of smaller and less hydrophobic oil
droplets, which were adhered on the membrane surface (see
Figs. 1 and 2).
Moreover, while short pre-ozonation significantly in-
creased the negative surface charge of the droplets (see zeta
potentials in Table 1), further ozonation caused only a slight
increase in the zeta potential values (Table 1). However, pre-
ozonation significantly reduced the adherence ability of the
contaminants (due to increased zeta potentials); longer pre-
ozonation increased both the irreversible and reversible resis-
tances due to the intensive fragmentation of the oil droplets
(see Fig. 1).
Because of the practical point of view, additional experi-
ments were carried out, which proved that only 1 min of pre-
ozonation (~ 5 mg L−1 ozone absorption) resulted very similar
fluxes and resistances compared to 5 and 10 min pre-
treatments.
Fouling mechanisms
For the deeper explanation of the observed differences in mea-
sured resistances, the widely used (Bowen et al. 1995; Hermia
1982; Hu and Scott 2008; Kiss et al. 2014) Hermia filtration
laws (such as complete, internal, and intermediate pore
blocking and cake layer formation) were fitted onto the mea-
sured flux curves. The calculated coefficients of the determi-
nations (R2 values) were compared (Fig. 4) to describe which
model fits the best. Naturally, in these systems, fouling cannot
be described by only one given fouling model, since different
mechanisms occur simultaneously and higher R2 value shows
only the dominant mechanism. It also was investigated if the
fouling mechanism had changed during the filtration, but the
results did not show considerable difference from the mecha-
nisms discussed below.
Figure 4a demonstrates that in case of ultrapure water ma-
trix, without pre-ozonation, the filtration can be described
very similarly by all of the investigated filtration models
meaning that there is no dominant fouling mechanism.
Surprisingly, the filtration of all the pre-ozonized emulsions
can be described mostly by the cake layer formation model;
however, reversible resistances of pre-ozonated samples were
almost negligible. For the correct interpretation of the results,
it has to be considered that longer pre-ozonation increased the
irreversible resistances, the wettability, and thus the adhesion
ability of ozonated emulsions.
On the basis of classical Dejaguin-Landau-Verwey-
Overbeek (DLVO) theory, the interactions of the colloid par-
ticles can be determined by the resultant of Van der Waals and
electrostatic forces. Van der Waals interactions are originated
from the polar/apolar character of the particles, and its value
decreases with the distance from the membrane surface and
increase with the size of the particle. Electrostatic interactions
are determined by the surface charge (zeta potential) of the
particles and also depend on the permittivity of the fluid and
the size of the particles. Moreover, Lewis acid-base (electron
donor/acceptor) interactions (hydrogen bonds) between the
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colloid nanoparticles and the membrane surface also play a
major role as they are described by the extended Dejaguin-
Landau-Verwey-Overbeek (XDLVO) theory (Brant and
Childress 2002; Lin et al. 2014). The latter interaction has a
low range but its value (which increase with particle size) can
be even a few times higher than Van der Waals forces (Brant
and Childress 2002). On the bases of the fitted fouling models,
it can be concluded that in this case, not only the fragmenta-
tion of oil droplets but the changes in the Van der Waals
interactions (between the particles and the membrane surface)
are responsible for the increased irreversible resistances as
they were caused mainly by the adhered, non-washable thin
oil cake layer.
In case of model groundwater, very different fouling mech-
anisms were found (Fig. 4b). Without pre-ozonation, the cake
filtration was dominant in accordance with the observed thick
contaminant cake layer (Fig. 2). In parallel with the duration
of pre-ozonation, the pore blocking models could be fitted
more reliably (Fig. 4b). Moreover, in case of 20-min pre-ozon-
ation, internal and intermediate pore blockings showed the
best fits. These observations are in good agreement with the
measured intensive fragmentation of the oil droplets during
pre-ozonation in case of the model groundwater matrix, where
smaller than 100 nm oil droplets were also generated during
the pre-treatment (Fig. 1b). However, in spite of the
decreasing role of the cake layer formation, the reversible
resistances increased (Fig. 4d), which means that beside frag-
mentation, the electrostatic repulsive interactions (see zeta
potentials in Table 1) determine the fouling propensity of the
membrane.
Matrix effects on the purification efficiencies
Purification efficiencies were determined by measuring ex-
tractable oil content, total organic carbon content (TOC),
and chemical oxygen demand (COD) in all cases (Fig. 5). In
case of ultrapure water matrix, membrane separation alone
and short pre-ozonation (t = 5 min) combined with membrane
separation showed very similar performances. Purification ef-
ficiencies were ~ 95, ~ 98, and ~ 99% in relation with TOC,
COD, and extractable oil content, in both cases. Longer pre-
ozonation (10 or 20 min) caused significantly lower purifica-
tion efficiencies based on themeasured TOC and COD values,
which is partially due to the fragmented oil droplets, andmost-
ly, the produced water soluble oxidation by-products, which
can easily pass through the membrane. Very similar results
were measured in case of model groundwater matrix, meaning
that there is no significant effect of the matrix regarding the
whole purification efficiency of combined purification meth-
od. On the basis of well-known phenomena, water matrix may
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affect the oxidation of the contaminants, since the primary
reaction mechanism route of ozonation depends on the pH
value of the fluid: in acidic conditions, direct oxidation of
ozone plays a major role; meanwhile, in case of basic condi-
tions, indirect oxidation via hydroxyl radicals is determinant
(Hoigné and Bader 1983). In addition, inorganic compounds
of water matrix can act as radical scavengers (such as carbon-
ates) or can participate in different radical generation process-
es (such as chlorine radical). Surprisingly, despite this infor-
mation, no significant differences were determined in COD
reduction rates during pre-ozonation of different water matrix-
es. However, in case of model ground water, the permeates
contained slightly higher amount of organic compounds (on
the basis of measured TOC values—Fig. 5), which could be
related to the more effective oxidation with the OH• radical
(generated in model ground water).
Conclusions
The matrix of oil in water emulsion significantly affected the
size distribution and adherence ability of oil droplets onto the
membrane surface, therefore it caused changes in membrane
fouling mechanisms. In case of low salt concentration, the
total resistance was caused mainly by reversible resistance,
which could be significantly reduced by pre-ozonation.
However, the pre-treatment increased the irreversible resis-
tance, which is caused by a thin adhered layer on the surface.
Taking into consideration the wettability (represented by con-
tact angles) and zeta potential values, it can be concluded that
in mineral-free emulsions, the Van der Waals interactions can
be dominant over the electrostatic interactions in fouling
mechanism.
In case of model groundwater matrix, nearly twice higher
total resistance was measured, but in this case, irreversible
resistance was dominant, because of the more significant ad-
herence of the contaminants on the membrane surface.
Irreversible resistance could be significantly reduced by ozon-
ation (due to significantly raised zeta potential), which can be
explained by the increased repulsive electrostatic interactions
between the oxidized droplets and the membrane surface.
However, the pre-treatment resulted in the appearance of re-
versible resistance, which show that the interaction between
droplets and the surface is not as strong as in mineral-free
emulsions and finally, the electrostatic repulsive forces can
be dominant over the Van der Waals forces. Independently
from the water matrix, microfiltration of slightly pre-
ozonized oil emulsions can be described mostly by cake layer
formation model, but in case of model groundwater, longer
pre-ozonation caused the blocking of the pores due to the
intensive fragmentation of the oil droplets, which can be at-
tributed to the advanced oxidation ability of OH• radicals,
which can be produced at the higher pH value (~ 8.2) of model
groundwater.
Short pre-ozonation caused increased flux in both cases,
but increased duration of pre-ozonation raised the total resis-
tance and reduced the elimination efficiency (due to
fragmented oil droplets and water soluble oxidation by-
products), therefore short pre-ozonation can be recom-
mended considering both economic and performance as-
pects. In summary, short pre-ozonation can be a suitable
method to increase the flux during the microfiltration of
oil contaminated groundwaters.
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